In Tanzania, the phenology and seasonal variations of the yields of different rice cultivars have rarely been studied, especially under fully-irrigated conditions. A trial was conducted to identify the most suitable calendar for rice production in Tanzania under fully-irrigated conditions. Four popular rice cultivars, NERICA1, Wahiwahi, IR64 and TXD306, were transplanted monthly from January to December 2011. The four cultivars recorded similarly higher or lower yields than the annual means when transplanted in July (0.50-0.57 kg/m 2 ) and April (0.07-0.31 kg/m 2 ). A yield-ranking analysis showed that plants transplanted in July was the most productive while those transplanted in April was the least productive, and also revealed a yield-seasonality for irrigated rice in Tanzania, a low-yield season (April-May), a high-yield season (June-August), and an unstable-yield season (September-March). These yield seasons would appear to be closely linked to seasonal temperature variations. When transplanted in April-May, plants were exposed to very low temperatures between panicle initiation and flowering, apparently reducing yield through cold-induced sterility. Those transplanted in June-August prolonged their growth under relatively low temperatures and increased yield through increasing biomass production. In SeptemberMarch, yield levels varied greatly due to the shortened phenological growth durations at higher temperatures. We conclude that under fully-irrigated conditions in Tanzania, rice should be transplanted in July to ensure the maximum production and yield stability. The yield-seasonality suggests that implementing measures to protect plants from low and high temperature stress at critical phenological stages may allow year-round rice production under fully-irrigated conditions in Tanzania.
Rice (Oryza sativa L.) is the second largest grain crop after maize in Tanzania (MAFC, 2009; USDA, 2013) . Because rice consumption exceeds domestic production, import usually supplements supply. The national production deficit is expected to increase over the next decade as urbanization shifts consumer preference from traditional staples to rice (Sekiya et al, 2013 ). Thus, Tanzania should increase local rice production to conserve foreign exchange as well as to ensure food security.
Only a limited area of rice in Tanzania is irrigated (literature estimates of the proportion vary from 6% to 30%), so the balance is fully dependent on rainfall (Kanyeka et al, 1995; MAFC, 2009) . Because the yield of irrigated rice is reported to be two-to fourfolds higher than that of rain-fed rice (MAFC, 2009) , expansion of irrigated rice is considered to be the most effective way to increase production. Thus, the government is making efforts to expand the area of irrigated rice MAFC, 2009) .
Traditionally, rice production in Tanzania has been timed to coincide with the rainy seasons. In the unimodal system, it coincides with the 'long-rains' from December to April and in the bimodal system with the 'long-rains' from March to May (Meertens et al, 1999; Raes et al, 2007; Sekiya et al, 2013) . Even under irrigated conditions, most rice farmers follow their traditional cropping calendars because the inadequate water reservoirs are unable to supply sufficient water for rice cropping during the dry seasons Mdemu et al, 2004; Mwakalila, 2005) . However, if a sufficiently-abundant year-round water supply was to be established based on a modern irrigation infrastructure, the optimal timing of rice cropping can well differ from this pattern. Unfortunately, little information is available on the seasonal variation of rice performance in Tanzania on which a best-cropping calendar can be based, except one preliminary trial conducted from 1996 to 1998 at the Kilimanjaro Agricultural Training Centre (KATC) in Moshi, Tanzania.
The results of the preliminary trial suggested that IR54 (a popular rice cultivar in the 1980s and 1990s) produces high yields (7.90 ± 0.87 t/hm 2 , mean ± SD) when transplanted from June to July, low ones (2.49 ± 0.92 t/hm 2 ) when transplanted from April to May, and unstable ones (4.66 ± 1.38 t/hm 2 ) when transplanted in the remaining months. However, no further study such as analysis of yield components was conducted to account for the yield variation. At present, different rice cultivars other than IR54 are widely grown by farmers in Tanzania. In addition, the climate change such as the increased variability of annual rainfall and the steady increase of temperature has been recorded in this region during the last decade (Rowhani et al, 2011) . Thus, it is unclear whether the results of the KATC trial during 1996-1998 are applicable under the present rice cropping environment.
In this study, therefore, we evaluate the performance of rice growing in Tanzania throughout the year. Four rice cultivars (NERICA1, Wahiwahi, IR64 and TXD306) were sown and transplanted monthly from January to December 2011 and otherwise grown under uniform cultivation practices. The 12 months were then ranked based on yields of each cultivar. The specific objectives of this study were to evaluate the consistency of ranking among the four cultivars and to identify the most and the least productive months. The number of growing days, accumulated temperatures, and biomass yields were also measured pre-and postflowering, and their relationships with yield and yield components were analyzed.
MATERIALS AND METHODS

Trial site
The trial was conducted in a field (100 m × 30 m) from January 2011 to March 2012 at the KATC in Moshi, Tanzania (3º27 7 S, 37º23 49 E, 720-730 m above mean sea level). The field was split into two sections (each 100 m × 12.5 m) by an earth corridor (2.2 m wide and 0.3 m above the soil surface). Each section was split into eight plots (each 12.5 m × 12.5 m) by concrete walls (0.1 m wide, and reaching 0.3 m above and below the soil surface), which created a total of 16 plots in the whole field. A steel net (30 mm mesh) screen house (100 m × 30 m × 3 m) was constructed over the field to protect the plants from birds. The field was irrigated with groundwater stored in a reservoir at KATC. The water was delivered to the research area by a main canal from the pond, and by a secondary canal along the central earth corridor to supply each plot. This arrangement allowed full and independent control of the water level in each plot. The local soil had a relatively high pH 7.8 (H 2 O) and 6.2 (KCl) and a low electrical conductivity value of 0.13 dS/m. Total nitrogen (N) and P 2 O 5 , determined using the Kjeldahl method (Bremner, 1996) and the Bray-1 method (Bray and Kurtz, 1945) , were low at 47.9 and 0.29 mg/g, respectively. In contrast, CaO, MgO and K 2 O, determined using ammonium acetate extraction (Suarez, 1996) , were high at 469, 133 and 54.4 mg/100g, respectively. Prior to our trial, the plot had been planted with rice for about 15 years, during which period each of the two plots had been planted and fallowed alternately.
Rice cultivars
Four rice cultivars, NERICA1, Wahiwahi, IR64 and TXD306, were transplanted monthly from January to December 2011. NERICA1 is an interspecific hybrid between Oryza sativa and Oryza glaberrima (AfricaRice, 2008) . Since its release in 2009, its cultivation has spread across Tanzania through a governmental dissemination campaign. Wahiwahi is a popular, early-maturing and local cultivar with high yield-potential. IR64 was introduced from the International Rice Research Institute, the Philippines in the 1990s, and has been popular because of its high yield. TXD306 was developed locally through a double cross between a local cultivar Supa and the Korean cultivars Pyongyang and Subarimati (Msomba et al, 2004) . It has gained increasing popularity in recent years due to its high yield potential and semiaromatic characteristics.
Cultivation
During the first week of each month, seeds of each cultivar were soaked in salt water with a specific gravity of 1.06 g/cm 3 . The floated seeds were discarded. The submerged seeds were rinsed well with fresh water, soaked in fresh water for 24 h and then wrapped in wet, cotton cloths for 48 h to germinate. and once on 45 DAT at 6 g/m 2 . Weeds were removed by hand before the fertilizer applications. The transplanting of four cultivars proceeded from one plot to another each month.
Measurements
Ten hills were randomly sampled from each sub-plot (each cultivar) to determine shoot dry weight at flowering. Samples were brought into the laboratory, dried to constant weight at 80 ºC for at least 72 h and weighed. Another ten hills were randomly sampled from each sub-plot (each cultivar) at harvest to determine grain yield and yield components. Culm and leaves were separated from panicles, dried at 80 ºC for at least 72 h and weighed. Panicles were then air-dried in the shade for 7 d. Panicle number was counted from the ten hills. Panicle number per unit area was calculated based on hill spacing. The panicles were hand-threshed, and filled spikelets were separated from unfilled ones by flotation in water. They were then re-dried in the sun for a few hours and weighed separately. The moisture content of the filled spikelets was measured using a grain moisture tester (Ricer m5, Kett Electric Laboratory, Tokyo). Three subsamples of about 5 g and 1 g were taken from the filled and unfilled spikelets, respectively. Numbers of spikelets in each sub-sample were counted, and the results of the three replicates were averaged. The 1000-grain weight, adjusted to 14% moisture, was calculated from the spikelet number of 5 g sub-samples and moisture content of the filled spikelets. Filled and unfilled spikelet numbers in the ten hills were estimated from each sub-sample, and the grain-filling ratio (filled spikelet number / total spikelet number) was calculated. Spikelet number per panicle was also calculated. Grain yield, adjusted to 14% moisture content, was calculated from the panicle number per unit area, the spikelet number per panicle, the grainfilling ratio, and the 1000-grain weight. Spikelets were then dried at 80 ºC for at least 72 h and weighed. Shoot dry weight at harvest was calculated by summing the dry weights of culms, leaves and spikelets.
The maximum and minimum temperatures and relative humidity (RH) were measured daily at the KATC weather station. Day length at the site was calculated from the latitude and longitude coordinates. Accumulated daily temperatures (degree-days) were calculated using the base temperature of 0 ºC. The minimum temperature during the late panicle initiation stage (14 d before flowering) was recorded.
The monthly data of shoot biomass, grain yield, and yield components were subjected to non-parametric Friedman's analysis of variance (ANOVA). In the analysis, the months of transplanting were ranked for each cultivar, and the mean values across the four cultivars were calculated as the overall rank.
RESULTS
Day length, relative humidity, and temperature Fig. 1 shows a summary of meteorological records for the trial period, including the monthly means of day length, relative humidity (RH), the monthly means of daily mean temperature (MT), daily maximum temperature (T max ), daily minimum temperature (T min ), monthly maximum temperature (T [max] ), and minimum temperature (T [min] ).
The studied site is close to the equator (3º27 7 S, 37º23 49 E), so differences in day length over the year are less than 30 min. The shortest day length is 11 h 57 min, and the longest day length is 12 h 18 min. The RH tended to be high and uniform throughout the year with usually above 70%. Despite the low latitude, altitude is high (720-730 m above mean sea level), so T [min] can fall to as low as 13 ºC. T max and T min ranged from 29.5 ºC to 37.2 ºC and from 16.8 ºC to 20.6 ºC, respectively. On the basis of the seasonal temperature variations, four broad seasons can be identified: a hot season (December-March), a cool season (JuneSeptember), and two transition seasons: a cool-hot season (October-November) and a hot-cool season (April-May). During the hot season, the T [max] of 38.5 ºC was recorded in February 2012. During the cool season, the T [min] of 13.0 ºC was recorded from June to September 2011. Although there were some minor cultivar differences, Wahiwahi, IR64 and TXD306 exhibited similar phonological responses.
Growth duration, mean and accumulated temperatures
The values of Day pre in Wahiwahi were generally shorter than those in IR64, while the relation was reversed temporarily in October and November. This might be due to a difference in photoperiodic sensitivity between Wahiwahi and IR64. Table 2 shows shoot dry weight (DW whole ), grain yields (Y), and their mean ranks across the four cultivars. Values for DW whole are divided into two phenological periods: before flowering (DW pre ) and after flowering (DW post ).
Shoot biomass and grain yield
The largest annual mean value of DW whole was for Wahiwahi at 2.02 kg/m 2 , followed by IR64, TXD306
and NERICA at 1.86, 1.81 and 1.65 kg/m 2 , respectively. The early-maturing, local cultivar Wahiwahi produced a larger shoot biomass than the The effect of transplanting month on DW whole rank was also significant at P = 0.05. DW whole rank was high from March to July (from the transition to the cool season), suggesting that the cooler temperature induced higher dry matter production.
The effects of transplanting month on DW pre and DW post were not statistically significant. But, DW pre of plants transplanted from January to July tended to be larger than the annual mean value, while DW post of plants transplanted from May to July tended to be larger than the annual mean value. Table 3 shows panicle number per unit area (P), spikelet number per panicle (S), grain-filling ratio (F), 1000-grain weight (G), and their mean ranks across the four cultivars. The largest annual mean value of P was for IR64 at 511 panicles/m 2 , followed by TXD306, Wahiwahi and NERICA1 at 376, 375 and 290 panicles/m 2 , respectively. The largest annual mean value of S was for NERICA1 (72.4), followed by Wahiwahi, TXD306 and IR64 (61.5, 55.4 and 54.0, respectively). These results confirm that IR64 increases spikelet number per area with an increase of P (dense panicle type), while NERICA1 increases the value with an increase of S (heavy panicle type). The highest annual mean value of F was for NERICA1 at 74.7%, followed by TXD306, IR64 and Wahiwahi at 63.8%, 60.2% and 57.1%, respectively. There was a drastic reduction of F in Wahiwahi plants transplanted in May and June. This was probably due to cold sterility. The largest annual mean value of G was for Wahiwahi at 31.8 g, followed by TXD306, NERICA1 and IR64 at 27.4, 25.4 and 25.1 g, respectively. In Tanzania, large grains are preferred both by farmers and by consumers. Table 3 . Panicle number per unit area (P), spikelet number per panicle (S), grain-filling ratio (F), and 1000-grain weight (G) of NERICA1, Wahiwahi, IR64 and TXD306 transplanted monthly from January to December 2011. Wahiwahi is widely cultivated here due in part to its large grains. During the screening process, TXD306 was also preferred by farmers due in part to its large grain size (Msomba et al, 2004) .
Yield components
The effect of transplanting month on P rank was significant at P = 0.05. P rank was high from October to December (from the transition to the hot season) and low from February to March (the hot-cool transition). The effect of transplanting month on S rank was moderately significant at P = 0.1. S rank was high in February, March and June (the hot-cool transition) and low in January and from October to December (from the transition to the hot season). Generally, S rank was low when P rank was high and vice versa especially from October to March. The effect of transplanting month on F rank was not statistically significant. The effect of transplanting month on G rank was also significant at P = 0.05. G rank was exceptionally high in July when the highest Y was also recorded, suggesting that plants transplanted in July may satisfy preferences of farmers not only for yield but also for grain size.
DISCUSSION
The monthly transplanting trial of this study offers an effective way of identifying the most productive seasons for rice production, given the year-round availability of irrigation water. The results clearly demonstrate that all the four cultivars produce about equally high yields when transplanted in July and equally low ones when transplanted in April (Table 2) . The yield ranking of transplanting month has been shown by non-parametric ANOVA to be statistically consistent among the four cultivars (Table 2) . It is important to note that such consistency was observed in different cultivars with different growth periods from 116 to 145 d on average (Table 1) . Our preliminary trial conducted from 1996 to 1998 suggested that IR54 plants produce high yields when transplanted from June to July and low ones when transplanted from April to May. The yield responses of the four cultivars in this study are generally in accordance with that of IR54 in the previous trial. Under fully-irrigated conditions, therefore, a cropping calendar from July to November is expected to achieve high yields. In contrast, cropping from April to August is likely to result in reduced yields. Since the previous trial failed to conduct further analysis, this study was expected to provide important information of the phenology and seasonal variation of the yields of currently popular rice cultivars in Tanzania.
The climate in Tanzanian is characterized as having a very low seasonal variation in day-length due to its low latitude. Nevertheless its high altitudes increase the seasonal variations in temperature, especially in the north, making its annual te1mperature profile more comparable to that in a temperate region than the tropics (Fig. 1) . If we are to increase rice production in Tanzania using irrigation, it is thus important to understand the effects of temperature profiles on yield performance. On the basis of temperature, the climate at the trial site can be divided into four seasons: cool (June-September), cool-hot transition (OctoberNovember), hot (December-March) and hot-cool transition (April-May) (Fig. 1) . The yield-ranking analysis reveals a 'yield seasonality', in which three periods can be identified (Table 2) : a high-yield (mean yield rank 2.5-5.3) period (June-August), a low-yield (rank 9.8-10.5) period (April-May), and an unstableyield (rank 4.5-8.8) period (September-March). In general, plants transplanted during the high-yield period are growing during the most productive month (July) and experience gradually increasing temperature between the cool and the cool-hot transition seasons. Meanwhile, those transplanted during the low-yield period include the least-productive month (April) and experience the declining temperatures between the hot-cool transition and the cool season. Those transplanted during the unstable-yield period are exposed to high pre-flowering temperatures.
It would seem reasonable to infer that the high yields can be ascribed to cool temperatures prior to flowering. In a number of cereal crops, high grain yields are associated with increased grain numbers per unit area, which result from increased numbers of panicles per unit area and increased numbers of grains per panicle. This observation holds for rice (Katsura et al, 2007) and for other cereal crops too (Abbate et al, 1997 (Abbate et al, , 1998 . A number of researchers have reported that cool temperatures enhance tillering in rice (Matsushima et al, 1966; Osada et al, 1973; Sato, 1974) . Indeed here, the number of panicles was increased in plants transplanted in July, especially for NERICA1 and Wahiwahi (Table 3) . Other studies further suggest that cool temperatures allow high growth rates of rice to be maintained between panicle initiation and flowering by reducing the mutual shading of leaves during this period (Weng et al, 1982b; Takeda et al, 1983) . The high dry matter production during this period is thought to increase not only spikelet number by reducing the number of degenerated spikelets (Suzuki, 1980; Takeda et al, 1983) , but also carbohydrate storage, which is later translocated into the spikelets during grain filling (Weng et al, 1982a; Laza et al, 2003) . Both responses are thought to contribute to an increase in the grainfilling ratio. Here, especially in IR64 and TXD306, the grain-filling ratio increased in plants transplanted in July (Table 3) . Similar high-yielding characteristics of rice have been reported by Ying et al (1998) , who attribute the high yields in Yunnan Province, China to high biomass production during the vegetative stage under cooler temperatures. Thus, those plants in our study that were transplanted during the high-yielding period likely achieved high yields as a result of high levels of biomass accumulation before flowering under the cooler temperatures ( Table 2) .
The low yields in our study are probably associated with impaired spikelet development and/or coldinduced sterility. Low temperatures between panicle initiation and flowering, especially when minimum temperatures are less than 14.5 ºC, are known to limit spikelet formation (Terao et al, 1940 (Terao et al, , 1941 Owen, 1969) and pollen development (Satake et al, 1988; Shimono et al, 2007) . These effects likely combine to result in severe reductions in yield. In our study, the small number of spikelets in NERICA1 transplanted in April, may have resulted from limited spikelet formation under the very-low temperatures experienced during panicle initiation. Similarly, the reduced grain-filling ratio in Wahiwahi could have been a result of impaired pollen development and/or poor pollen tube growth under very-low temperatures around flowering (Tables 1 and 3) . Wahiwahi is probably somewhat susceptible to low temperatures as it has not been specifically selected for cold tolerance. IR64 and TXD306 may have experienced both sorts of limitation (Tables 1 and 3) .
In contrast, the unstable yields of plants transplanted from September to March may be ascribed to high temperatures. Excessive increase in panicle number from October to January and reduction in panicle number from February to March were involved in the unstable yields (Table 3 ). In rice, high temperatures greatly reduce panicle numbers (Matsushima et al, 1966; Osada et al, 1973; Sato, 1974) and spikelet numbers (Suzuki, 1980; Weng et al, 1982b; Takeda et al, 1983) . In addition, the very high temperatures (above 35 ºC) recorded in our study in the hot season may have caused spikelet sterility (Satake and Yoshida, 1978; Yoshida, 1981) . Furthermore, for Wahiwahi, plants transplanted in October and November, pre-flowering growth durations were very long (91 and 84 d, respectively). Interestingly, these durations were greater than those for IR64 (88 and 83 d, respectively) . The vegetative growth period for plants transplanted in October and November overlapped with the time, in which daylength started to decrease. Unlike the other three cultivars, Wahiwahi may have responded to a daylength change. We suggest that all these factors may have combined or interacted to modify plant performance, with yield instability being the end result.
Our classification of yield seasonality allows identification of potential environmental constraints in each growth period. Hence, it suggests possible measures, which may be taken to raise productivity. For instance, some managements, including deepwater irrigation, are widely practiced in northern Japan to prevent low-temperature-induced sterility in rice (Satake et al, 1988; Shimono et al, 2007) . This management may also serve to protect plants transplanted during the low-yielding period from sterility. Elucidation of the mechanisms underlying yield reductions at high temperatures may also offer strategies to stabilize yield variations during the unstable period. Such a possibility might be to cultivate photoperiod-sensitive rice cultivars (Vergara and Chang, 1985) . As suggested by Wahiwahi (Table 2) , the cultivation of photoperiod-sensitive cultivars might increase growth duration and spikelet numbers (Tokimasa and Suedomi, 1971 ). This is not likely to be effective for a photoperiod-insensitive cultivar, whose growth duration before flowering is readily shortened by high temperatures, as found for NERICA1 (Table 1) .
In Tanzania, rice has traditionally been grown during the unstable period (Sekiya et al, 2013) . Although the drought stress resulting from erratic rainfall patterns has been regarded as the major limiting factor for rice production in Tanzania (Meertens et al, 1999; Raes et al, 2007; Sekiya et al, 2013) , the high temperatures and the photoperiod sensitivity of the common rice cultivars grown here may also play significant roles in driving our highyielding variation. Thus, the results of this study may contribute to improvements in the yield-stability of rain-fed rice production in Tanzania. Recently, the Tanzanian government started the 'Project for Supporting Rice Industry Development'. This study is also expected to benefit this project and to hence help raise rice production in Tanzania as a whole.
